Abstract: Tuberculosis (TB), caused by Mycobacterium tuberculosis (MTB) remains one of the deadliest, infectious diseases worldwide. The detrimental effects caused by the existing anti-TB drugs to TB patients and the emergence of resistance strains of M. tuberculosis has driven efforts from natural products researchers around the globe in discovering novel anti-TB drugs that are more efficacious and with less side effects. There were eleven main review publications that focused on natural products with anti-TB potentials. However, none of them specifically emphasized antimycobacterial phenolic compounds. Thus, the current review's main objective is to highlight and summarize phenolic compounds found active against mycobacteria from 2000 to 2017. Based on the past studies in the electronic databases, the present review also focuses on several test organisms used in TB researches and their different distinct properties, a few types of in vitro TB bioassay and comparison between their strengths and drawbacks, different methods of extraction, fractionation and isolation, ways of characterizing and identifying isolated compounds and the mechanism of actions of anti-TB phenolic compounds as reported in the literature.
Introduction
Tuberculosis (TB) is an infectious and fatal pulmonary disease, which has been menacing mankind for millennia and remains a major health concern worldwide [1] . As reported by WHO in the Global Tuberculosis Report 2018, in 2017, the estimated new cases of TB were 10.0 million cases, which was equivalent to 133 cases of 100,000 population. The most estimated number of cases in 2017 occurred in WHO South-East Asia Region, which constituted 44% of total cases reported followed by WHO African Region (25%), WHO Western Pacific Region (18%), WHO Eastern Mediterranean Region (7.7%), the WHO Region of the Americas (2.8%) and the remaining 2.7% by WHO European Region [1] . TB has caused an estimated 1.3 million deaths among HIV-negative people and there were an additional 300,000 deaths from TB among HIV-positive people. Ranking above HIV/AIDS, TB was one of the leading causes of death from a single infectious agent in 2017 globally [1] .
More than 130 years ago, after centuries of fatally scourging mankind, Robert Koch had finally and accurately identified and cultured the etiological agent of tuberculosis, named as tubercle bacillus on that time [2] . Originating from the family Mycobacteriaceae, TB is particularly caused by several strains of Mycobacterium tuberculosis complex, encompassing Mycobacterium tuberculosis itself, M. africanum, M. bovis, M. caprae, M. microti, M. pinnipedii and M. cannetii [3] . These strains of Mycobacteria have over 95% similarities at the nucleotide level but they have major differences in terms of hosts, phenotypes and pathogenesis [4] . While M. bovis is the specific causative tuberculosis agent of bovines, M. tuberculosis is on the other hand, exclusive to humans as its host [4] . One distinct characteristic of M. tuberculosis that set it apart from Gram positive and Gram negative bacteria is the presence of long fatty acid chains on its cell envelope, called as mycolic acids layer [5] . Being concertedly present with other "free" lipids and lipoglycans, the mycolic acids layer confers a surface on Mycobacteria that is impermeable to standard Gram staining and therapeutic agents [5] [6] [7] . Since their first discovery in the 1950s, TB-affected patients have since been relying on the current anti-TB drugs, which are divided into three main groups: First-line anti-TB drugs (isoniazid, rifampicin, pyrazinamide, ethambutol and streptomycin), second-line anti-TB drugs (kanamycin, capreomycin, amikacin and fluoroquinolones) and third-line anti-TB drugs (clofazimine, linezolid, amoxicillin/clavulanate, imipenem/cilastatin and clarithromycin) [8] . By possessing different drug targets which resulted in different antimycobacterial effects such as inhibiting mycolic acid synthesis, transcription, translation and arabinogalactan synthesis, the first-line TB drugs were proven efficacious for TB therapy, with more than 95% cure rates under ideal conditions of direct observation by the patients' carriers [3] . Despite the high level of efficacy of aforementioned anti-TB drugs, they faced several challenges. The implementation of existing standard anti-TB regiment in hospitals is a lengthy treatment of at least six months. This in return has led to compliance issues within TB patients [3] . Moreover, the current anti-TB drugs were observed to cause adverse side effects [9] . Detrimental side effects ranging from the minor ones such as nausea, vomiting, fever and headache to the extent of major ones such as psychosis, hyperuricemia, ototoxicity and hepatotoxicity were exhibited from patients undergoing current anti-TB drug regimen [9] [10] [11] . The emergence of new strains of M. tuberculosis, multi-drug resistance tuberculosis (MDR-TB) and extensively-drug resistance tuberculosis (XDR-TB) has since exacerbated this global health problem [12, 13] . Therefore, an effort of discovering a novel anti-TB drug should be commenced, as a sign of support to both Sustainable Development Goal 3 and End TB Strategy [1] .
Owing to their diversity and abundance, medicinal plants offer new hope to physicists and scientists by serving as a sustainable source for novel leads in diseases therapy [14, 15] . Plants have been used as primary medicinal and therapeutic sources by mankind since the earliest human civilizations [16] . Being affordable and easily accessible, plants are still being utilized for medicinal purposes particularly to treat TB until today, by people around the globe [17] [18] [19] [20] . Plants are usable for medicinal purposes as a result of the presence of its wide array of secondary metabolites within them [21] .
Plant secondary metabolites, also known as phytochemicals, are chemicals that are present naturally in plants. Unlike primary metabolites, these chemicals do not directly take part in the growth, reproduction and development of plants [22] . However, their absence may disrupt the plants survivability on a long-term basis [23] . Phytochemicals are also distinct from primary metabolites in a way that their distribution is limited in the plant kingdom [24] . In other words, particular phytochemicals are present only in a specific species or related species of plant [24] . Phytochemicals are basically classified based on chemical structure composition, their solubility in solvents and biosynthesis pathways [25] . Though they do not significantly involve in the crucial functions of plant survivability, phytochemicals are the key players that contribute the specific odors, colour and taste of plant parts [22] . As a sessile organism with lack of immunity system, plants rely chiefly on these secondary metabolites to defend themselves against both biotic and abiotic stresses [26] . Biological activities particularly antimycobacterial activity displayed by particular plants are actually closely-related with the phytochemicals contained within the plants as these chemicals are the ones responsible in characterizing such activity [27, 28] .
For the past 17 years, literature has shown several main review publications associated with the main groups of phytochemicals in plants relative to its pivotal role in antimycobacterial activity. Newton et al. [29] have reviewed and identified plant species, which exhibited antimycobacterial activity, also describing their extracts and active constituents involved. In a review conducted by Copp [30] , natural products, from year 1990 to year 2012, with inhibitory activity against mycobacteria are widely covered. The review was arranged in chemical structural class to highlight possibilities of any structure-activity relationships. Another review pertaining to natural products possessing antimycobacterial capability was done by Okunade et al. [31] . In their article, 88 bioactive compounds of different classes from plants, marine organism, fungi and one bacterium that exhibited antimycobacterial characteristic at minimal inhibitory concentrations (MIC) of < 200 µg/mL were reviewed. In a review published by Gautam et al. [32] , different species of plants species coming from numerous families were elucidated with respect to their parts and extracts used for bioassay against different strains of Mycobacteria. MIC of each plant species antimycobacterial activity was also included. A review by Rogoza et al. [33] described a vast array of both natural and synthetic products that possessed MIC of 5 µg/mL or less against mycobacteria, all of which covered publications from year 2001 to year 2007. In their review, Garcia et al. [34] have compiled 278 nature-based products and some derivatives from plants, algae, fungi, cyanobacteria and sponges that showed a promising antimycobacterial property at MIC of less than 5 µg/mL. The review covered literature publications from year 2006 to year 2011. Two years later, in 2014, Santhosh et al. [35] described 127 compounds of different classes originating from 58 species of plants, which demonstrated antimycobacterial activity.
Amongst the aforementioned eleven major review publications of nature-derived antimycobacterial compounds, none of them specifically and individually focused on exploring into the potentials of phenolic compounds as novel antimycobacterial agents for TB therapy. Whereas phenolic compounds were shown to have positive antimycobacterial activity in all of the stated review publications, therefore an updated, extensive review that further probe into their potentials as an anti-TB drug candidate is imperative.
The present review attempted to bridge the gap by firstly, describing bioassay guidance, a current method widely used in plant-based drug discovery programme and elaborating general characteristics of phenolic compounds. Secondly, this review then focuses on compiling and arranging anti-TB phenolic compounds from natural products for the past 17 years (2000-2017), according to their origins (from which they were isolated) isolated active phenolic constituents and MIC against Mycobacterial strains. Phenolic compounds presented in past review publications within these 17 years were also included in the present review. This review also attempted to describe the mechanism of actions (MOA) of phenolic compounds involved in strong MIC.
Bioassay Guidance: A Multidisciplinary Drug Discovery Program that Integrate Chemistry and Biology Techniques
Bioassay-guided fractionation is currently, the latest technique utilized by natural products researchers to screen and identify bioactive compound(s) in natural product crude extract(s). As it is a process that constitutes alternating steps of biological assay and chemical fractionation, it significantly aids researchers in screening and selecting only isolated compound(s) that show bioactive characteristics towards test organisms. For the past two decades, the rapid advancements of technology in chromatography and spectroscopy have made it possible for the sensitivity of chemical fractionation to be enhanced greatly. This in turn, has paved a new way for researchers to explore both unstudied materials and previously studied genera, which then grants access to novel bioactive compounds and chemical derivatives [36] [37] [38] .
Test Organism
It is clear that the test organism ideally used for the anti-TB drug discovery attempt is the TB causative agent itself, M. tuberculosis. The prominent pathogenic strain M. tuberculosis H 37 Rv (ATCC 27294) is the strain that adequately represents the majority of M. tuberculosis clinical isolates since its drug susceptibility profile closely resembles those of the clinical isolates. However, employing a pathogenic type of M. tuberculosis strain requires biosafety level 3 laboratory (BL-3), which needs extra precautionary and safety steps for researchers in handling it. Due to this reason, researches may turn to alternative non-pathogenic strains of M. tuberculosis such as M. smegmatis (ATCC 607), M. bovis (ATCC 35743), and M. tuberculosis H 37 Ra (ATCC 25177). M. smegmatis is a rapidly-growing and saprophytic mycobacteria while on the other hand M. bovis and M. tuberculosis H 37 Ra are slow-growing mycobacteria. However, the aforementioned slow-growing strains mycobacteria resembled much closer to the M. tuberculosis H 37 Rv with regard to both drug susceptibility profile and genetic composition. Since these strains are non-pathogenic, handling them only requires biosafety level 2 laboratory [36, 37] .
In Vitro Bioassays for Anti-TB Activity Evaluation

Agar Diffusion
Agar diffusion, either well or disk, is a conventional method used widely in antimicrobial bioassays of natural products. However, one of the main drawbacks of applying this method is that it is unable to quantify natural products crude or isolated bioactive compounds due to the fact that, the result yielded by this method only indicates the presence or absence of growth inhibition at an undetermined concentration along the concentration gradient [38] . In addition, the size of inhibition zone chiefly depends on both the rate of diffusion of bioactive compounds and rate of growth of test organism, which means that the size of zone of inhibitions can only be understood as indications to either microbial vulnerability or resistance to well-defined antibiotics. In the context of mycobacterial bioassays, the application of agar diffusion is much more irrelevant. As generally known, mycobacteria possess high lipid content in their cell envelope which confers them impermeable to polar compounds, while at the same time, are highly-susceptible to non-polar compounds. These compounds will diffuse notably slower than polar compounds of similar molecular weight on aqueous agar. This ultimately results in a smaller inhibition zone, which is frequently and mistakenly perceived as weak antimicrobial activity. Moreover, active polar compounds with low molecular weight may diffuse to the equilibrium state even before the formation and appearance of colonies of slow-growing microorganisms. Should the equilibrium concentration be below Minimum Inhibitory Concentration (MIC), inhibition zones will never appear [36, 37] .
Micro/Macro Agar Dilution
In this method, researchers are able to adjust variations of concentrations of extracts, fractions or compounds in the agar medium according to their own preferences. This beneficially allows them to determine the MIC value and quantify its activity. Most mycobacterial strains such as M. tuberculosis are able to grow effectively on Middlebrook 7H10 or 7H11 agar supplemented with oleic acid, albumin, dextrose and catalase (OADC). The procedure involved in this method firstly begins with the addition of a sample to the semisolid media (held at 50 • C) at a final concentration of 1% v/v. Subsequently, researchers may opt to either add 100-200 µL to 96-well microplates, 1.5 mL to 24-well microplates, 4 mL to 6-well microplates or 20 mL into standard Petri dishes of 150 mm diameter. As the medium hardened, by using micropipette, the inoculum can then be spotted on the surface of the agar. Recommended volumes of inoculum are 1-5 µL for 96-well microplates, 10 µL for 6-24-well microplates and 100 µL for standard Petri dishes. The plates are then incubated at 37 • C overnight. With that being said, the plates should then be inverted for the remaining period of incubation. However, the main disadvantage of this method that should be taken into consideration by researchers is the lengthy period (minimum of 18 days) for the appearance of the colony of Mycobacteria [36] [37] [38] .
Micro Broth Dilution
Using this method in microplates with 96-wells as antimycobacterial bioassay of natural products offers advantages such as little sample requirement, cost-effective and high-throughput. In such method, Mycobacterial strains are commonly cultured in Middlebrook 7H9 broth supplemented with glycerol (0.5%), casitone (0.1%), Tween-80 (0.05%) and ADC (10%) [38] . The presence or absence of growth of test organism in the broth can be simply quantified by turbidity in the broth medium.
However, problems such as aggregation in the bacterial culture and precipitation of crude extracts of the natural product itself may render the result inaccurate and unreliable. Nevertheless, inclusion of a surfactant, Tween-80 in the bioassay reagents will reduce the ability of mycobacterial cells to adhere to one another, hence increases the available surface area of mycobacterial cells. This essentially helps to reduce aggregation in bacterial culture thus enhancing the result accuracy of the bioassay [39] . In addition, correct selection of solvents for plants extraction based on polarity of targeted compounds and introducing pH differences may further improve separation of acid, neutral and basic constituents, which ultimately reduce precipitation [40] . Utilization oxidation/reduction indicator dye like Alamar blue may significantly increase the sensitivity and rapidness of this assay. Researchers may then observe the result yielded by the Microplate Alamar Blue Assay (MABA) by simply reading it visually or by instrumentations such as microplate spectrophotometer or microplate fluorometer. In addition, for non-fluorometric readouts, ones may also opt for tetrazolium dyes. Bioassays through microbroth dilution are therefore a currently reliable and relevant method for test organism involving Mycobacteria. Furthermore, these assays enable researchers to determine even partial inhibition, to which it can be achieved by determining the relative activity of fractions from crude extracts using different concentrations [34, 35] . It is crucial, however, for researchers to take precautionary steps when performing bioassays using such dyes. Resazurin is photosensitive, therefore requires that the incubation be done in the dark [41] . There are, in many cases, test compounds that interact with the assay chemistry. Hence, negative and positive controls must be empirically determined to ensure that there are no non-specific interactions with assay chemistry, which would lead to artifacts or false-positive or negative results [41] . Recognizing the possible interference that an assay may be susceptible to and designing orthogonal assays to confirm compound activity are the best ways to identify artifactual activities early in the probe or drug discovery programme [42] . Information of several types of artifactual activities have been discussed in a study by Thorne et al. [42] to which, future researchers can refer, for a better and accurate result as yielded from dye-based bioassays.
Sample Extraction
Extraction of samples involved the use of various types of chemical solvents. The selection of what solvents to use in an extraction procedure is precisely dependent on the texture and water content of the plant material and on the type of compounds that is intended to be isolated [43] . Common solvents used in natural sample extraction are, arranged in increasing polarity, as follows: Hexane, petroleum ether, ethyl acetate, chloroform, ethanol and methanol. In the context of extracting phenolic compounds, semi-polar and polar solvents are required as phenolic compounds are water-soluble compounds [43] . In addition, it is generally known that organic extracts of medium polarity are likely to contain phytochemicals including terpenoids, polyphenols and alkaloids with bioactive activity [44] . Past researches have revealed that employment of polar solvents such as methanol and ethanol have successfully yielded extracts with phenolic compounds [44] [45] [46] . In addition, the use of the solvent with medium polarity such as chloroform was also a success in an attempt to obtain phenolic compounds [47] . Crude extracts obtained from this particular step may then proceed for in vitro anti-TB bioassay stated in Section 2.2.3 to screen out extract with no bioactivity towards M. tuberculosis. Thus, only the extract that shows bacterial growth inhibition will be selected to proceed with the next step, which is fractionation and isolation.
Crude Extracts Fractionation and Isolation
Bioactive crude extracts obtained from Section 2.3 is comprised of various, unspecified mix of compounds, of which, some of them may exhibit bioactivity while others may not. Therefore, the extract will then need to go to further separation and purification steps, also referred to as fractionation and isolation, to accurately specify the compound(s) that is responsible for the bioactivity. The purification of natural constituents mainly encompasses one or another, or a combination of several chromatographic techniques such as column chromatography (CC), thin-layer chromatography (TLC), gas chromatography (GC), liquid chromatography and gas liquid chromatography (GLC) [43] . Again, guided by the in vitro anti-TB bioassay mentioned in Section 2.2.3, fractions obtained from chromatography techniques undergone repeated fractionation and isolation through chromatography techniques to obtain sub-fractions, which are purer. This process continues until the final compound is obtained [44, 47] . Final compound obtained through repeated fractionation is an isolated and pure bioactive compound, which then may proceed for chemical identification and characterization.
Isolated Compounds Identification and Characterization
The final step in the bio-guided fractionation is the identification and characterization of the pure, isolated compound obtained from Section 2.4. However, it is crucial to firstly determine the class of compound and which substance it is within that class. This can be achieved by employing the compound's reaction towards colour tests, its solubility, R f properties and UV spectral characteristics [43] . Then, researchers may continue for complete identification of the particular substance by measuring its spectral characteristics. Few common instrumentations to measure spectral characteristics of a compound: Ultra-violet (UV), infra-red (IR), nuclear magnetic resonance (NMR) and mass spectral (MS). A bioassay-guided fractionation by Cunha et al. [48] has led to the discovery and isolation of cassic acid (a bioactive anthraquinone) in Cassia bakeriana Craib bark dichloromethane extract for the first time. In the research, Cunha et al. [48] has utilized several spectroscopic instrumentation namely Fourier-transform infrared spectroscopy (FTIR), ultraviolet-visible spectroscopy (UV-vis), liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS), proton NMR (H 1 NMR), correlation spectroscopy (COSY) and heteronuclear single-quantum correlation (HSQC). In another research by Fomogne-Fodjo et al. [44] , through bioassay-guided fractionation and the use of spectroscopic instrumentations such as H NMR, C NMR, distortionless enhancement by polarization transfer (DEPT) and heteronuclear multiple-bond correlation (HMBC), two novel phenolic compounds, tetracosanoate and N-hydroxy immidiate-tetracaine were discovered.
Phenolic Compounds: Promising Nature-Derived Anti-Tuberculosis Compound
Nature-Derived Phenolic Active Compounds against Mycobacterium
Being one of the numerous classes of phytochemicals, phenolic compounds are among the most diverse class of phytochemicals and widely spread across the plant kingdom, of which 8000 of their structures have been reported [23] . Being present in abundance across plants with vast types of structures, the main characteristic that all of these phenolic compounds shared in common is that these compounds consist of an aromatic phenyl ring attached with one or more hydroxyl substituents [43] . The common carbon skeleton building block for phenolic compounds is C 6 -C 3 phenylpropanoid unit [49] . Phenolic compounds are all aromatic and their pigments can be visually coloured [43] . They are commonly found combined with sugars as glycosides, thus they are prone to be water-soluble [43] . On the basis of their structure, phenolic compounds can be further classified into two main groups; flavonoids (the largest group of phenolic compounds) and non-flavonoids. Phenolic compounds from numerous plant sources, with their names, MIC and corresponding references are compiled in Table 1 . [75] a Antimycobacterial assay using Mycobacterium tuberculosis H37Rv; b Antimycobacterial assay using M. tuberculosis H37Ra; c Antimycobacterial assay using M. smegmatis; d Antimycobacterial assay using M. madagascariense; e Antimycobacterial assay using M. indicus pranii; f Antimycobacterial assay using M. aurum; g Antimycobacterial assay using M. avium; h Antimycobacterial assay using M. bovis.
Mechanism of Action of Phenolic Compounds against Mycobacterium
As mentioned earlier, the emergence of resistance strains of Mycobacteria, MDR-TB and XDR-TB, has aggravated this global health problem in the past recent years. MDR-TB is caused by M. tuberculosis that is generally resistant to first-line anti-TB drugs (isoniazid and rifampicin) while XDR-TB is due to the resistance of M. tuberculosis against first-line anti-TB drugs (isoniazid and rifampicin), any fluoroquinolones and at least one of three injectable second-line anti-TB drugs (kanamycin, capreomycin and amikacin) [76, 77] . The resistance in Mycobacteria, is basically divided into two types, namely, acquired resistance and intrinsic resistance. The former is closely associated with mutations of chromosomes in the genes encoding drug targets or drug activating enzymes [50, 78] . This results in the alteration of the structure of the target protein, hence reducing the susceptibility of the bacteria to a particular drug [79] . It is noteworthy to know that the intrinsic resistance of TB is largely a man-made phenomenon as it is caused by such factors as poor physician prescription, poor patient adherence, poor supply or quality of drugs and difference of metabolism and nutrition [80] . On the other hand, intrinsic resistance is mainly attributed to cell wall permeability and systems efflux pumps that mediates only selected solutes, be it hydrophilic or hydrophobic, to enter into the bacteria and extruding foreign compounds out from the bacteria, respectively [50, 79, 81] . This type of resistance ultimately reduces the efficacy of current drugs significantly by both, causing them unable to enter into the Mycobacteria to their protein targets and expelling them before they could even reach their protein targets [82] . In the following sections, we will discuss several selected examples of Mycobacteria intrinsic resistance associated with reported phenolic compounds that act against them.
Mycobacteria Efflux System Inhibition
Efflux pumps in MDR, an intrinsic resistance in TB, are able to transport a wide range of chemically and structurally unrelated compounds, which also impair the efficacy of different antibiotics [50] . To find a novel nature-derived efflux inhibitor is therefore imperative in overcoming this problem and phenolic compounds proved to be a promising candidate as an efflux inhibitor.
In a research conducted by Groblacher et al. [50] , four active compounds have been isolated from the hexane extract of Alpinia katsumadai Hayata seeds, of which the fourth compound was identified as flavanone pinocembrin (dihydrochrysin). The research revealed that all of the compounds exhibited weak antimycobacterial activity, however they demonstrated EtBr efflux inhibitory activity comparable to reference efflux-pump inhibitors (EPIs). Specifically, the flavanone showed EtBr efflux inhibitory activity comparable to carbonyl cyanide m-chlorophenylhydrazone (CCCP), one of the reference EPI. Another study done by Lechner et al. [78] has displayed several phenolic compounds that presented EtBr inhibitory activity, which includes biochanin A, luteolin and resveratrol. Among the stated phenolic compounds, biochanin A achieved inhibition levels comparable to the standard EPI.
Mycobacteria Proteasome Inhibition
Proteasome in MTB plays a crucial role in providing intrinsic resistance against deleterious effects of reactive nitrogen intermediates (RNI) [82] [83] [84] [85] [86] . RNI such as nitric oxide (NO) and radical NO 2 are produced by inducible nitric oxide synthase (iNOS) in activated macrophage, all of which inflict nitrosative stress to MTB [82, 84] . NO may also combine with superoxide from bacterial 3metabolism to form peroxynitrite that inflict oxidative damage to MTB [82] . Nitrous acid, a protonated form of NO on the other hand, generates an acidic environment in the phagosome of activated macrophage that may impair the survival of MTB as well [83] . Study by Gandotra et al. [85] has revealed that the silencing of prcA and prcB, genes that serve as building blocks for proteasomal structure disrupts MTB ability to persist in both in vitro and in vivo growth. Proteasome, which is involved in the degradation of proteins that are irreversibly oxidized, nitrated or nitrosated are thus vital in protecting MTB against injuries inflicted by RNI [82] [83] [84] . The MTB proteasome may therefore be a plausible target for novel anti-TB natural products, particularly phenolic compounds may serve as a proteasome inhibitor candidate. Zheng et al. [86] has screened 100 natural products for their inhibitory activities against MTB proteasome and 22 of them were phenolic compounds; flavonoids, coumarins, phenols and lignans. The phenolic compounds have demonstrated IC 50 values ranging from 3.05% to as high as 88.69%. Interestingly, 10 of the 22 phenolic compounds were flavonoids, which exhibited more than 65% inhibitory activity. The flavonoids include baicalein, pectolinarin, quercetin, hispidulin, myricetin, isoliquiritigenin, icariin, kaempferol, curcumin and baicalin. The study has also revealed the association between the functional group substitution of the A-and C-ring in the flavonoid structure (hydroxyl residues at the C 3 of the C-ring and hydroxyl/methoxy residues at the C 6 of the B-ring) and the magnitude of inhibitory activity of the particular flavonoid. The study conclusively stated that flavonoids, being one of the sub-classes in phenolic compounds, might serve as a potential proteasome inhibitor.
Mycolic Acid Biosynthesis Inhibition
Mycolic acids are high-molecular-weight C 60 -C 90 α-alkyl, β-hydroxy long chain fatty acids that serve as a unique component of the mycobacterial cell wall [5, 6, [87] [88] [89] . These mycolic acids added with "free" (noncovalently linked) lipids and lipogylcans that exist in the outer leaflets of the cell wall, formed a highly impermeable barrier that confer mycobacterial intrinsic resistance against common bacterial Gram-staining and hydrophilic anti-TB therapeutic agent [87] . Mycolic acids are also associated with the pathogenicity and ability of Mycobacteria to form biofilms [88] . Due to the crucial defensive role played by mycolic acids, its biosynthesis is thus implicated as a potential target for nature-derived anti-TB agents, specifically phenolic compounds.
A recent study by Baquero et al. [90] has revealed the antimycobacterial activity of five compounds, of which three of them were polyphenolic compounds, particularly lignans (dihydrocubebin, hinokinin, ethoxycubebin) while the remaining two were synthetic compounds. Of all three lignans, ethoxycubebin has demonstrated the highest inhibitory activity with MIC value of 24 µg/mLm thus was further analyzed in terms of its effect on mycolic acid biosynthesis and ultrastructure. Consequently, the study has shown that ethoxycubebin caused a remarkable reduction in all mycolic acids after 24-h of its treatment to MTB H 37 Rv. In addition to that, the ultrastructural analysis of the bacteria treated with ethoxycubebin has clearly displayed aberrant morphology with irregular and disorganized shapes. The study then discussed the possible correlation between mycolic acid levels and the composition of the cell wall that determines the overall structure of bacterial morphology and conclusively stated that lignans possessed a promising potential as antimycobacterial agents that affect mycolic acid metabolism.
Nitric Oxide Inhibition
Nitric oxide are produced enzymatically by three isoforms of nitric oxide synthases namely, nNOS-the neuronal form, iNOS-inducible nitric oxide synthase present in various cell types such as macrophage and eNOS-primarily present in endothelium [91] . Serving the purpose as a pro-inflammatory mediator, nitric oxide is generated by activated macrophages upon initiation by inflammatory cytokines such as IFN-γ, TNF-α or IL-1 as well as toxins by bacteria or mycobacteria such as lipopolysaccharide (LPS) [68, 91, 92] . Inflammatory response is intended to provide protection against invading pathogens, however over production of NO may lead to diseases such as arterial hypotension, vasoplegia, lactic acidosis and others [91] .
Past study by Costa et al. [68] has isolated two two flavonoids namely isoquercetin and afzelin from the leaves of Ocotea notata. The compounds were then analysed for their antimycobacterial activity and were found to show no antimycobacterial activity. However, both of the compounds exhibited significant results in inhibiting NO production by macrophages, with p < 0.001 at concentrations of 0.8, 4, 20 and 100 µg/mL when compared with the positive result. In addition, the NO production inhibition capability of those flavonoids were analysed to be higher than their cytotoxicity. The study implicated that despite the negative antimycobacterial activity of both of the flavonoids, they on the other hand were capable of acting as anti-inflammatory agents which was evident from its NO production inhibition result. In another study by Bernardes et al. [73] , a flavonoid apigenin was isolated from the methanolic fruit extract of Schinus terebinthifolius and evaluated for its NO production inhibition activity, antioxidant activity and antimycobacterial activity. The result from the study has revealed that the flavonoid showed antimycobacterial activity of 14.53 ± 1.25 µg/mL at IC 50 . Furthermore, the apigenin also showed a significant NO production inhibition at IC 50 , which the value was 19.23 ± 1.34 µg/mL. The study conclusively stated that apigenin worked well as both antimycobacterial and anti-inflammatory agents.
Concluding Remarks
Tuberculosis remains a global health problem, particularly in under-developed and developing countries. Despite systematic efforts and actions from the world organizations and governments, though shown a slight decrease in trend for last several years, TB continues to claim millions of lives around the globe. As pointed out in this review, the emergence of resistance strains of Mycobacterium tuberculosis and shortcomings of current clinically used TB chemotherapy are the factors contributing to current TB prevalence and occurrence.
Natural products, particularly phenolic compounds from plants, may serve as an unmatched natural reservoir of novel, chemically and structurally diverse compounds which hold a huge prospect of novel mechanism-of-actions against etiological agents of TB. In this review article, we have selected and compiled phenolic compounds with antimycobacterial activities with their plants of origins that were reported in previous studies for the past 17 years. The bioassay-guidance method and its sub-steps involved have been discussed. General description of Mycobacteria resistance and mechanism-of-actions of several phenolic compounds against Mycobacteria have also been discussed. In spite of significant anti-TB activity of numerous stated phenolic compounds, and in some cases, comparable to standard anti-TB drug regiments, none of them have been progressed further into clinical development. Many of the highly-potential phenolic compounds were also lack of cytotoxicity tests. It is critically recommended for anti-TB drug discovery researches to include cytotoxicity test in parallel to antimycobacterial tests to elucidate the selectivity of the compound of interest. Moreover, there is a need to initiate further efforts into the clinical development of promising phenolic compounds. The phenolic compounds covered in this review could provide potential leads for in vivo and clinical tests or could serve as templates for further medicinal chemistry programme.
